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ABSTRACT

Hybridization probes for two nuclear-coded chloroplast proteins of
Lemna gibba L. G-3 have been constructed in order to investigate phyto-
chrome regulation of specific sequences. The first probe is a cDNA clone
encoding the small subunit of ribulose 1,5-bisphosphate carboxylase. This
probe was isolated from a set of Lemna cDNA clones in the bacterial
plasmid pBR322. The second probe is a subelone of a genomic clone
encoding the light-harvesting chlorophyll a/b-protein. This clone was iso-
lated from a set of genomic clones constructed in the lambda vector Charon
4 with L. gibba DNA fragments generated by partial EcoRl digestion. The
identity of these clones was confirmed by in vitro translation ofRNA which
hybridized to the cloned DNA. Plants grown under continuous white light
contain high concentrations of both RNA sequences; however, when these
plants are put into darkness the concentration of these RNAs decreases
rapidly relative to the total amount of RNA. Plants grown in the dark with
intermittent red light (2 minutes/8 hours) and put into complete darkness
for 8 days also contain lower concentrations of the sequences in the total
RNA. One minute of red light after this dark period results in a rapid
increase in the levels of RNA hybridizing to the probes. The effect of red
light can be reversed by far-red light. These experiments demonstrate that
phytochrome action can rapidly influence either the rates of transcription
or the rates of degradation of these mRNAs.

The expression of two nuclear genes encoding chloroplast pro-
teins is under the control of light in Lemna gibba (55, 56, 59).
These proteins are the SSU3 of RuBP carboxylase (17) and the
light-harvesting Chl a/b-protein of the thylakoid membrane (52).
Light affects the expression of these genes in Lemna by causing
an increase in the amounts of the translatable mRNA encoding
these polypeptides. The changes are accompanied by correspond-
ing changes in the synthesis of the proteins in vivo (55, 59). This
effect of light in Lemna is mediated by phytochrome (56). Corre-
lated changes in translatable mRNA levels and the rates of in vivo
synthesis of several polypeptides in response to light have also
been reported in various other species of higher plants: these
include a 32,000 D chloroplast membrane protein of Spirodela
(35), maize (5), and mustard (31); phenylalanine ammonia lyase
in cultured parsley cells (43); RuBP carboxylase in peas (6);
phosphoenolpyruvate carboxylase in maize leaves (46); the Chl a/
b-protein and NADPH-Pchlide-oxidoreductase in barley (1, 41).
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Apel (1, 2) has shown that in etiolated barley the response of the
two mRNAs to light is mediated by phytochrome. However, none
of these studies unravel exactly which step(s) in the expression of
these genes are affected by phytochrome. Phytochrome action
might affect the transcription of specific mRNAs or posttranscrip-
tional processing, packaging, or degradation of these mRNAs. For
example, it has been suggested (18) that red light acts by mobiliz-
ing preexisting mRNA onto polysomes. The studies discussed
above could not have detected mRNA sequestered in an un-
translatable form. To study such questions, we have isolated
molecular hybridization probes that can be used for the quanti-
tation of the concentration of specific RNA sequences, coding for
the SSU of RuBP carboxylase and the Chl a/b-protein.
Both the SSU and the Chl a/b-protein are encoded by nuclear

genes (1 1, 27, 29) and synthesized from polyadenylated (poly[A])
RNA on cytoplasmic ribosomes as precursor polypeptides which
are transported into the chloroplasts (3, 12, 13, 16, 21, 55). In
Lemna, it is not clear whether the two major polypeptides associ-
ated with the light-harvesting Chl a/b-complex (57) represent
products of one or two genes, since antibodies against the two
polypeptides immunoprecipitate a single band of 32,000 D from
in vitro translation products (58).
We have used poly(A) RNA from light-grown plants to prepare

a cDNA library from which we have isolated the sequence for the
SSU of RuBP carboxylase. We have isolated a hybridization
probe for the Chl a/b-protein RNA from a library of genomic
DNA of L. gibba cloned in the Charon 4 derivative of bacterio-
phage lambda. We can now demonstrate that the content of these
sequences is rapidly regulated by phytochrome action in L. gibba
and we suggest that this regulation is occurring at the level of
transcription.

MATERIALS AND METHODS

Growth of Plants. Lemna gibba L. G-3 was cultured aseptically
in E medium with 1% sucrose in a growth chamber under constant
white light at 27°C ± 2°C. Plants were also cultured in the dark
with intermittent red light (2 min/8 h) in the same medium
supplemented with 3 !LM kinetin at 270C + 2°C as described
earlier (56). Plants were grown under four different red light
regimes. RC-plants grown for 8 weeks under intermittent red light
(2 min red light every 8 h); D-plants grown as RC-plants but put
into darkness after 7 weeks for 8 d; 1'R-plants grown as D-plants
but treated with 1 min of red light 2 h before harvesting; FR
plants grown as 1 R-plants but instead of 119 min darkness after
the 1 min red light pulse, the tissue was put into far-red light for
10 min followed by darkness for 109 min. After these light
treatments, the tissue was harvested under green safe lights,
washed with distilled H20 and frozen in liquid N2.

Isolation of RNA. Lemna total RNA was isolated by phenol
extraction and salt precipitation as previously described (19, 59).
Poly(A)RNA was isolated using oligo (dT) cellulose as previously
described (55).
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FIG. 1. Identification of a SSU clone. Fluorogram of translation prod-
ucts fractionated by 12.5% SDS-polyacrylamide gel electrophoresis. The
numbers refer to the mol wt of the precursors to the SSU polypeptide and
Chl a/b-protein in L. gibba. Lane 1, Endogenous translation products;
lane 2, translation products of total poly(A)RNA from L. gibba grown
under continuous white light; lane 3, translation products of the RNA
selected by the putative SSU cDNA clone; lane 4, immunoprecipitation of
the translation products produced by the selected poly(A)RNA with
antibodies against the SSU polypeptide.
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FIG. 2. Restriction endonuclease map of L. gibba SSU cDNA clones

pLgSSUI and pLgSSU2. The open line represents the L. gibba cDNA
insert in the Pst 1 site of pBR322. The numbers refer to basepairs (bp).

Identification of a cDNA Clone Encoding the SSU Sequences
of L. gibba. A more complete description of the cloning and
nucleotide sequence analysis of the SSU clone will be presented
elsewhere. cDNA was prepared by reverse transcription of total
poly(A)RNA from L. gibba grown under continuous white light
illumination using a procedure based on published methods (25,
40). The cDNA was converted to double-stranded DNA using the

fragment A of DNA polymerase I (Bethesda Research Laborato-
ries, Gaithersburg, MD). The hairpin loop in the double-stranded
DNA was removed by S1 nuclease (44) and the DNA sized by
sucrose gradient centrifugation. DNA having length of 200 base-
pairs and more was used for homopolymer tailing with dCTP
(39). Pst 1-linearized pBR322 DNA was tailed with dGTP. Sub-
sequently, the tailed DNAs were annealed and used to transform
Escherichia coli strain HB101. Transformants were selected for
Tetr, Amps by the replica filter method (20). Such cDNA clones
were arrayed on nitrocellulose filters (Schleicher & Schuell),
grown, and prepared for colony hybridization (22). Differential
hybridization was used to select clones containing copies of the
SSU-mRNA sequence. The filters were hybridized with 32P-la-
beled cDNA made against poly(A)RNA from both light-grown
and dark-treated plants. In addition, a cDNA hybridization probe
was prepared from a RNA preparation enriched for the SSU
mRNA by fractionation of total poly(A)RNA on a 1% agarose/
methyl-mercury-hydroxide gel. RNA was eluted from gel slices
and the fraction containing the SSU mRNA was identified by
translation of aliquots in a cell-free translation system from rabbit
reticulocyte (34). An I1S RNA fraction codes predominantly for
the SSU-polypeptide.

Plasmid DNA was isolated from the putative SSU cDNA clones
by a standard high-salt procedure (15). The identity of the clones
was confirmed by hybrid selection and translation of RNA from
20 pg poly(A)RNA from light-grown tissue with plasmid DNA
cut with EcoRl and bound to nitrocellulose discs (26, 36). An
aliquot of the translation products was used for immunoprecipi-
tation by antibodies against Lemna SSU polypeptide by the
modified Staphylococcus aureus method (24, 28). Aliquots of the
translation products and the immunoprecipitate were character-
ized by polyacrylamide gel electrophoresis (33) and fluorography
(9).

Identification of a Bacteriophage A Genomic Clone Encoding
Chi a/b-Protein Sequences of L. gibba. A full description of the
cloning and characterization of the genes for the Chl a/b-protein
will be presented elsewhere (Wimpee et al., manuscript in prepa-
ration). Briefly, Lemna nDNA was extracted from isolated nuclei
(53), banded twice in CsCl, and subjected to a partial digestion by
EcoRl (Bethesda Research Laboratories, Inc., Gaithersburg,
MD). The partially digested DNA was fractionated on 10 to 40%
sucrose gradients and those fractions containing fragments be-
tween approximately 10 and 20 kbases were pooled.
ACharon 4 arms were prepared and ligated to the EcoRl

digested Lemna DNA (32) and packaged into recombinant phage
(23).

Subsequently, the genome library was screened for clones con-
taining the genes for the Chl a/b-protein (62). The first screening
was done using 32P-cDNA synthesized from poly(A)RNA which
was highly enriched for Chl a/b-protein mRNA. This enrichment
was accomplished as described for the SSU polypeptide mRNA
(see above). A 14S RNA fraction was found to be highly enriched
for Chl a/b-protein mRNA.
During the course of the first screening, we obtained a cDNA

clone for the Chl a/b-protein sequence of pea from Dr. Anthony
Cashmore (10). This probe was found to cross-hybridize strongly
with the Lemna genomic clones, and was used in subsequent
screening and plaque purification.
The identity of the putative Chl a/b-protein genomic clones

was confirmed by hybrid release and translation (see above) and
by immunoprecipitation using antibodies against the Chl a/b-
protein of Lemna (57).

Subcloning of a 1900 Basepair Hind III Fragment from
XLgAB19 into pBR322. One ofthe genomic clones encoding a Chl
a/b-protein designated ALgAB 19 was digested with Hind III
(BRL) and the DNA fragments separated by electrophoresis on a
0.75% agarose gel. Hybridizations to DNA fragments fractionated
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FIG. 3. Identification of a Chl a/b-protein clone. Panel A shows a fluorogram of translation products fractionated by SDS-polyacrylamide gel

electrophoresis. The numbers refer to the mol wt of the precursors to the SSU polypeptide and the Chl a/b-protein in Lemna. Lane 1, Endogenous
translation products; lane 2, translation products from total poly(A)RNA from L. gibba grown under continuous white light; lane 3, translation products
of RNA selected by ALgAB 19; lane 4, immunoprecipitation of an aliquot of translation products shown in lane 3 by antibodies against the Chl a/b-
protein. Panel B: lane 1, a Hind III digest ofALgAB 19 after electrophoresis on a 0.75% agarose gel; lane 2, an autoradiogram of the same gel is shown
after hybridization in gello with random-primed 32P-labeled cDNA, synthesized from poly(A)RNA isolated from plants grown under continuous white
light.

on agarose gels were done either after blotting onto nitrocellulose
(49) or in the gel itself after denaturation in 0.5 N NaOH, 1 M

NaCl, neutralization in 0.5 M Tris (pH 7.5), 0.5 M NaCl, and
drying under vacuum (50). We refer to the latter technique as 'in
gello' hybridization. The DNA band of interest was identified by
hybridization to 32P-cDNA made from Lemna poly(A)RNA, cut
out of the agarose gel, electroeluted and ligated to Hind III
digested pBR322 which had been treated with bacterial alkaline
phosphatase. The ligated DNA was used to transform E. coli
strain HB101, and transformants selected for Ampr and Tet'.
Subsequently, plasmid DNA was isolated from selected recombi-
nants, digested with Hind III, run on a 1% agarose gel and
hybridized in gello with 32P-cDNA, made against poly(A)RNA
from white light-grown Lemna. A positive clone from this screen-
ing, pLgAB 19/H5c, was then used as a hybridization probe in
subsequent experiments.

Hybridization of Cloned Probes to L. gibba Total RNA and

Poly(A)RNA. Total RNA or poly(A)RNA was isolated as de-
scribed above. Ten ,ug of total RNA or 1 pg of poly(A)RNA was
fractionated on 1% agarose gels in 20 mm MOPS, 1 mm EDTA, 5
mm Na-acetate, 2.2 M formaldehyde (pH 7.0), and blotted onto
nitrocellulose according to Thomas (54). The position ofthe rRNA
markers was determined by running poly(A)- RNA alongside the
other tracks. Before blotting the gel this lane was cut off, stained
with ethidium bromide, and photographed. To ensure that equal
amounts of the RNA preparations were used, a parallel gel was
run under the same conditions, stained after electrophoresis with
ethidium bromide, photographed using Kodak Royal pan film
(4141), and the film scanned with a Joyce Loebl densitometer.
pLgSSU or pLgABl9/H5c were labeled with 32P by nick-trans-

lation (37) and hybridized to the RNA bound to the paper
according to Thomas (54). However, instead of 1 times Denhardt's
solution, a 10 times solution was used. The relative concentrations
of the specific RNAs in Northern blots were determined by

A
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FIG. 4. Degradation ofRNA sequences encoding the SSU ofRuBP carboxylase and the Chl a/b-protein in the dark. Poly(A)RNA was isolated from
plants grown under continuous white light or from plants put into complete darkness for 6 d. One ug of each of the different RNAs was fractionated on
1% agarose/formaldehyde gels and blotted onto nitrocellulose filters. The position of the rRNA markers was determined by running poly(A)- RNA
alongside the other tracks. pLgSSU and pLgABl9/H5c were 32P-labeled and hybridized to the RNA bound to the paper. Autoradiograms of the filters
are shown. Panel A, Hybridization with pLgSSU; Panel B, hybridization with pLgABl9/H5c. Lanes 1, Poly(A)RNA from light-grown tissue; lanes 2,
poly(A)RNA from tissue put into the dark; lanes 3, 20 times longer exposure of lanes 1; lanes 4, 20 times longer exposure of lanes 2.

densitometry, after hybridization and exposure of the nitrocellu-
lose filter to a preflashed x-ray film (Kodak XAR). The exposures
were within the linear response range of the film (30). Subse-
quently, the peaks of the tracing were cut out and weighed.

RESULTS

Isolation of cDNA Clones Encoding SSU Sequences.
Poly(A)RNA from L. gibba grown under white light for 3 weeks
was used for the construction of the cDNA library. Clones coding
for the SSU polypeptide were selected by a differential screening
with cDNA probes made against poly(A)RNA isolated from tissue
grown under different light regimes and by screening with a
cDNA probe made against a RNA fraction enriched for the SSU
polypeptide mRNA. The differential screening depends on the
large difference in the levels ofthemRNA for the SSU polypeptide
present in light-grown and dark-treated plants (55, 56, 59).
The identity of cDNA clones selected this way was further

established by hybrid selection and translation (36). Figure 1
demonstrates that a mRNA coding for a polypeptide with the
mobility of the precursor of the SSU of RuBPCase was selected
from total poly(A)mRNA by hybridization with one of the puta-
tive SSU cDNA clones. Immunoprecipitation of the translation
products with an antibody against the SSU polypeptide of Lemna
confirmed that the selected mRNA indeed codes for the precursor
of this polypeptide, which has a mol wt of about 20,000 (55).

Restriction enzyme analysis of two independently isolated SSU
cDNA clones, pLgSSUl and pLgSSU2, gave the physical map
shown in Figure 2. Both cDNA clones possess the same restriction
map and contain an insert length ofabout 850 basepairs. Sequence
analysis (Stiekema, Wimpee, and Tobin, manuscript in prepara-
tion) has confirmed that the clone contains the SSU coding
sequence.

Isolation of Genomic Clones Encoding Chi a/b-Protein Se-
quences. The library of Lemna genomic DNA was screened using
32P-labeled cDNA synthesized from poly(A)RNA which had been
enriched for the mRNA for the Chl a/b-protein by fractionation
on a methyl-mercury hydroxide/agarose gel. Positive clones from
this screening were plaque purified using a cDNA clone for the
Chl a/b-protein sequence from pea, which was given to us by Dr.
A. Cashmore, The Rockefeller University, New York (10). A
genomic clone designated XLgABI9 was identified as containing
the coding sequence for the Chl a/b-protein by hybrid selection
and translation in the in vitro system from wheat germ (38) (Fig.
3A). Immunoprecipitation of the translation products with an
antibody against the Chl a/b-protein (60) showed that the selected
mRNA indeed codes for the 32,000 D precursor of the Chl a/b-
protein (58). Restriction enzyme mapping of XLgAB 19 showed
that it contains a 15.8 kbasepair insert.

Subcloning of a Chl a/b-Protein Sequence. The coding sequence
contained in a 1900 basepair Hind III fragment of XLgAB 19 was
subcloned into pBR322 so that we could prepare a high-specific-
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FIG. 5. Phytochrome regulation of the RNA sequences encoding the SSU of RuBP carboxylase and the Chl a/b-protein. Plants were grown under
four different light regimes: RC, D, I'R, FR. After harvest, total RNA of each sample was isolated. Ten jg of each RNA sample was run on a 1%
agarose/formaldehyde gel, blotted onto nitrocellulose, and subsequently hybridized to pLgSSU (panel A) and pLgAB 19/H5c (panel B), 32P-labeled by
nick-translation. The photographs show autoradiograms of the filters. RC, D, I'R, and FR symbols refer to the light regime used.

activity hybridization probe for the Chl a/b-protein. Figure 3B
shows a Hind III digest of XLgAB19, after electrophoresis on a
0.75% agarose gel. The second lane is an autoradiogram of the
same gel after hybridization in gello with random-primed 32p_
labeled cDNA, synthesized from poly(A)RNA isolated from
plants grown under continuous white light. This experiment dem-
onstrates that a fragment of 1900 basepairs contains the coding
sequence. This band was subcloned in pBR322. The 1900 basepair
band is actually a doublet, one fragment of which contains the
Chl a/b-protein coding sequence. Therefore, plasmid DNA was
isolated from the selected recombinants, digested with Hind III,
run on a 1% agarose gel, and hybridized with 32P-cDNA made
against poly(A)RNA from white-light-grown Lemna (data not
shown). A positive clone from this screening, designated
pLgABl9/H5c, was then used as a probe in subsequent experi-
ments. This subclone also hybridizes to the pea Chl a/b-protein
clone.

Degradation of the mRNAs for the SSU Polypeptide and the
Chl a/b-Protein in the Dark. In Lemna the amounts oftranslatable
mRNAs for the SSU of RuBP carboxylase and the Chl a/b-
protein relative to other translatable mRNAs decrease when plants
are put into the dark (55, 56, 59). The decline is not due to dilution
during growth because in this species growth in the dark is so
slowed in the absence of intermittent illumination that it is not
significant during a 1-week dark period. We have used the cloned
probes to demonstrate that this decline must involve degradation
of the mRNA rather than a conversion to an untranslatable form
(Fig. 4). 32P-labeled pLgSSU (A) and pLgAB19/H5c (B) were
hybridized to poly(A)RNA isolated from plants grown in white
light (lanes 1 and 3) or put into the dark for 7 d (lanes 2 and 4).
Figure 4A also shows that pLgSSU hybridized to a RNA species
which has a length of about 900 nucleotides in the sample from

plants grown under continuous illumination. This is in accordance
with the length reported for pea SSU-mRNA (6, 10). A RNA
species with the same mobility as found in the light-grown tissue
could be detected in the sample from dark-treated plants only
after long exposure of the filter (lane A4).

Figure 4B shows that pLgAB/H5c hybridizes to a RNA species
of about 1100 nucleotides in the sample from plants grown under
continuous white light illumination. This length for the Chl a/b-
protein mRNA is in accordance with the approximate length
reported by Broglie et al. for this mRNA in pea (10). Again, a
RNA species of the same mobility as found in the light-grown
tissue could be detected in the sample from dark-treated plants
only after long exposure of the filter (lane B4).

Role of Phytochrome in the Control of the Expression of the
SSU Polypeptide and Chi a/b-Protein Genes. To investigate the
role of phytochrome in the control of the expression of these two
genes, we compared the amount of each mRNA present in L.
gibba grown under different light regimes. We isolated total RNA
from plants grown in the dark with 1 min of red light every 8 h
for 8 weeks (RC-plants). Plants were also grown under the same
regime but only for 7 weeks, and then put into complete darkness
for 8 d before harvesting (D-plants). In addition, dark-treated
plants were illuminated with either I min red light (R-plants) or
1 min red light followed immediately by 10 min far-red light (FR-
plants) 2 h before harvesting. Equal amounts of these four differ-
ent preparations of total RNA were run on a 1% agarose-formal-
dehyde gel and subsequently blotted onto nitrocellulose. The
relative concentration of the SSU and Chl a/b-protein mRNA in
each of the four RNA preparations was determined by hybridi-
zation of the filter with pLgSSU and pLgAB 19/H5c, 32P-labeled
by nick-translation (Fig. 5). This experiment demonstrates that
phytochrome action can substantially change the concentration of
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FIG. 6. Kinetics of the response to redillumination. Dark-treated plants
(D plants) were givenI min red illumination and then harvested at the
times indicated. RNA was isolated and the samples treated as described
for Figure 5. Twenty jg of total RNA was used per lane. The relative
concentrations of the hybridizable sequences were determined by densi-
tometry of autoradiograms. The total RNA concentration of each sample
was also determined by densitometry as described in materials and
methods. A, Red light-induced increase in the SSU sequence; B, Red light-
induced increase in the Chl a/b-protein sequence. The results presented
are an average of four (for SSU) or three (for Chl a/b-protein) separate
hybridization experiments normalized to the same relative values for the
120-min sample. The SD for the other samples are indicated.

and SSU and Chl a/b-protein sequences within 2 h. Plants grown

in the dark with1 min of red light every 8 h contain a considerable
amount of both mRNAs. When these plants are put into the dark
for 8d, the relative concentration of the SSU mRNAs drops about
8-fold, while the relative Chl a/b-protein mRNA concentration
drops to a hardly detectable level as measured by this method.
However,1 min of red light 2 h before harvesting of the dark
tissue resulted in a 2- to 3-fold increase in the amount of SSU
mRNA and an even larger increase in the amount of Chl a/b-

protein mRNA. If this red illumination is immediately followed
by far-red light, no increase in the concentration of the SSU
mRNA in the total RNA population could be detected, although
there is a slight increase in the concentration of the Chl a/b-
protein mRNA. In any case, the effect of the red light is reversible
by far-red light, which demonstrates that the amount of these two
mRNAs is under control of phytochrome in L. gibba.
The kinetics of the response were investigated by harvesting at

various times after the I min red illumination (Fig. 6). Within the
limits of the measurements, both RNAs appear to begin to accu-
mulate immediately after illumination without a detectable lag.
The increases could always be detected by 30 min in any single
experiment, although there was some variability in initial levels
after the dark treatment.

DISCUSSION

We have isolated an approximately 850 basepair cDNA clone
complementary to poly(A)RNA encoding the SSU of RuBP car-
boxylase and a genomic clone containing an approximately 1900
basepair sequence which includes coding sequence for the Chl
a/b-protein of L. gibba. The identity of these cloned DNAs was
established by translation of hybrid-selected RNA. Immunopre-
cipitation of the translation products of the RNA selected by the
Chl a/b-protein clone (XLgAB 19) resulted in a single polypeptide
band on a polyacrylamide gel. We do not yet know whether more
than one mRNA encodes the two major polypeptides of the
Lemna Chl a/b-protein complex. Broglie et al. (10) have isolated
a cDNA clone containing sequences coding for only one of the
two Chl a/b-polypeptide mRNAs present in peas. Isolation and
characterization of other genomic clones coding for the Chl a/b-
protein present in the Lemna genomic library will clarify the
situation in Lemna.
We have used the probes for the two specific RNAs to investi-

gate how the effect of light on gene expression in Lemna is
mediated. We have compared the relative concentration of each
RNA present in plants grown under differentlight regimes. Plants
grown in the dark with 2 min redlight every 8 h contain high
levels of the RNAs for theSSU and the Chl a/b-protein. These
RNA concentrations decline rapidly when plants are put into
complete darkness. The observation that a low amount of the SSU
sequence is present after dark treatment of the plants grown with
intermittent redlight is in agreement with results based on in vitro
translation of Lemna RNA (56), but it differs from the results of
Smith and Ellis (48) who could not detect any SSU mRNA in
dark-grown peas. It is difficult to compare these results directly
because Smith and Ellis used DBM-paper for transfer of the
RNA, and this method is less sensitive than nitrocellulose (54). It
is possible that there is a species difference or that the low level
detected in Lemna is not due to synthesis of the sequence in the
dark, but is mRNA remaining from the illuminated plants. Tobin
and Turkaly (60) found that kinetin can retard the degradation of
this mRNA. Berry-Lowe et al. (8) have found low levels of the
SSU sequence in dark-grown soybeans.

Illumination of dark-treated plants with red light can cause
increases in the concentrations of both RNAs within 30 min (Fig.
6). The effect of red light can be reversed by10 min of far-red
light immediately after the1 min redlight pulse, and thus the
response is mediated by phytochrome. The phytochrome response
is very rapid and does not appear to have a substantial lag time.
The increase in the SSU sequence in response to red in Lemna is
much faster than that seen in dark-grown peas illuminated with
white light where there may be a lag period (45). However, in
barley, changes in levels of translatable mRNA occur rapidly in
response to phytochrome action (1). Extremely rapid increases in
specific RNA sequences have also been reported for a number of
heat-shock proteins in soybean (42).
The presence of RNA sequences for a certain protein does not
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necessarily mean that the mRNA is also available for translation
(cf. 18, 61). Therefore, we reconfirmed our earlier results by
translating total RNA isolated from tissue grown under the dif-
ferent light regimes used in this study in an in vitro translation
system from rabbit reticulocytes. The polypeptide amounts cor-
responding to the two mRNAs matched our Northern hybridiza-
tion data (data not shown). This experiment confirms that both
mRNAs are available for translation.
However, in vivo the synthesis of the Chl a/b-protein occurs

only at a very low level in plants grown under intermittent red
light (47, 56) and the protein does not accumulate in the thylakoid
membranes (7, 56). In contrast, the SSU polypeptide is synthesized
under this light regime. The possibility that the mRNA for the
Chl a/b-protein is present in an untranslatable form is ruled out
by the in vitro translation experiments. The mRNA is associated
with polysomes (47), so it is not likely that light is affecting
mobilization of the mRNA or the processing of the transcript to
a translatable form. Apel (1) has suggested that the synthesis and
accumulation of this protein depends on the presence of Chl, and
Apel and Kloppstech (4) and Cuming and Bennett (14) have
presented evidence for a breakdown of newly synthesized apopro-
tein in the absence of Chl a and b. The results presented here and
by Slovin and Tobin (47) are consistent with these hypotheses. In
addition, indirect evidence suggests that there is an additional
light-dependent process necessary for the translation of. the Chl
a/b-protein mRNA (47).

In summary, the results reported here demonstrate that phyto-
chrome can rapidly affect the expression of the genes for the small
subunit of RuBP carboxylase and Chl a/b-protein in L. gibba.
Red light can induce rapid and specific increases in the amounts
of the RNA encoding these polypeptides. Therefore, phytochrome
action must change either the transcription rate or rate of degra-
dation of these mRNAs. The exact mechanism of phytochrome
action, however, remains unknown. Because phytochrome is
found primarily in the cytoplasm and has been reported to be
associated with all cellular compartments and not only the nucleus,
it is unlikely that the phytochrome molecule itself acts directly on
the genes to stimulate their transcription. A more likely hypothesis
might involve another factor such as has been described for
prolactin (51). We anticipate that studies with isolated nuclei from
Lemna wiUl enable us to clarify the way in which phytochrome
can affect gene expression.
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